Introduction
Interest in artificial reef habitats has greatly increased in the last few decades throughout the world Stone et al., 1991; Seaman, 2000; Seaman and Jensen, 2000) . Countless types of artificial reefs made up of a variety of materials have been deployed worldwide. However, basic information is still lacking on floral and faunal interactions with the chemical composition and physical structure of these habitat materials . Although substrate is listed as a primary controlling factor for optimal biological production on artificial reefs (Bortone and Van Orman, 1985) , limited studies have examined the suitability of materials for reef construction in terms of their efficacy in acquiring diverse flora or faunal assemblages (Fitzhardinge and Bailey-Brock, 1989; Anderson and Underwood, 1994; Chin and Simmons, 1994; Gilliam et al., 1995; Henriquez et al., 1999; Miller and Barimo, 2001) . Popular reef building materials include quarry rock, concrete and used automobile tires. Each of these materials has distinct advantages and disadvantages as reef building material. The physical and chemical differences among them could, in part, determine the faunal assemblages associated with the reefs.
Limestone and other quarry rock boulders are strong, stable, erosion resistant, cost-effective in many areas, and most closely resembles the natural calcium carbonate rock secreted from corals and other marine organisms. Moreover, the surface texture of the limestone boulder provides ample area and roughness for benthic flora and fauna to attach. However, quarry rock provides an improved marine habitat at the cost of destroying nearby terrestrial habitat from which the rock was excavated. Another potentially negative factor for quarry rock reefs is the limited ability to form the rock modules to specific design criteria, e.g. refuge size.
Concrete-gravel aggregate is presently considered to represent the most suitable cost-effective, man-made material for reef construction (Fitzhardinge and Bailey-Brock, 1989; Anderson and Underwood, 1994; Chin and Simmons, 1994; Carr and Hixon, 1997) . Concrete also has a chemical composition and texture very similar to coral (Fitzhardinge and Bailey-Brock, 1989) . Its weight and shapeable qualities allow for stable reef construction. Previous studies have found when comparing similar sized natural substrate (coral rock) and concrete, reef fish assemblages are nearly equal (Carr and Hixon, 1997) . Concrete, however, has disadvantages as well; it does not recruit flora and fauna as well as natural substrate (Fitzhardinge and Bailey-Brock, 1989) . Concrete leaches out calcium hydroxide, or hydrated lime, which increases the alkalinity and pH of the surrounding seawater and this can differentially affect settlement of some organisms (Anderson, 1996) . Concrete-gravel aggregates also have a limited life underwater due to such durability stresses as sulfate attack, leaching of lime, alkali-aggregate expansion, corrosion of embedded steel, and erosion from waves (Suprenant, 1991) .
Another man-made substrate deployed extensively in artificial reefs is used automobile tires (Bohnsack and Sutherland, 1985; Meier and Eskridge, 1994; Murphey and Gregg, 1994; Collins et al., 1999) . Tire reefs are extremely durable (Tolley, 1981) ; they can be constructed in complex configurations (Collins et al., 1999) ; they are easy to handle; and they are extremely cost effective (Figley, 1994) . However, if not bound and weighted properly tires lack stability and can become mobile underwater, scraping off natural substrate (Myatt et al., 1989) . Tires are also not as efficient as concrete or natural substrate for acquiring some invertebrates (Downing et al., 1985; Fitzhardinge and BaileyBrock, 1989) . The negative recruitment of corals and other assemblages may relate to leachates exuded by the rubber surface (Day et al., 1993; Evans, 1997; Evans et al., 2000; Collins et al., 1999) .
A concrete-tire aggregate has been suggested as an environmentally positive alternative to either the usual concrete-gravel aggregate or the use of entire tires for artificial reef construction (Gilliam et al., 1995) . The concrete-tire aggregate, a patented, proprietary material, which may be used under license agreement, replaces a portion of gravel with chips of waste tires as part of the concrete aggregate. This aggregate remedies the ballast problem with the tire reefs and, given the surface of the reef is mostly concrete, invertebrates should recruit as with concrete-gravel aggregate reefs. In a preliminary study, Gilliam et al. (1995) previously compared two concrete-tire tetrahedron reefs with two concrete-gravel tetrahedron reefs of similar size and found no difference in fish species, total abundance, and invertebrate preference between the reefs.
We quantitatively compared the fish abundance, fish species richness, fish biomass, and spiny lobster, Panulirus argus abundance on two different artificial reef modules (boulder and tetrahedron), each constructed of one of three different materials: limestone, concrete-gravel aggregate, and concrete-tire aggregate. Our primary goal was to test the hypothesis, there is no difference in the total fish abundance, fish species, fish biomass, associated with these three reef construction materials. If the hypothesis is correct, similarly sized artificial reefs constructed of the differing substrates and placed in the same environment should acquire similar assemblages of fishes.
Materials and methods

Experimental design
To test the hypothesis of no difference in faunal associations between materials, 12 artificial reefs, four of each material: limestone, concrete-gravel aggregate, and concrete-tire aggregate, were deployed at a site located approximately 200 m offshore and 100 m north of Government Cut, Miami, Florida, USA in 7 m water depth (Fig. 1) . The reefs, initially deployed June 18, 1998, are collocated in two lines of six, each reef separated from all others by approximately 100 m on a sandy bottom substrate with a few patches of hard bottom. Fish abundance, fish species, fish biomass, and lobster abundance were inventoried, during daylight, every two months on the 12 reefs for 28 months beginning in October 1998.
Pre-deployment fish assessment
Divers assessed the local fish populations in the immediate area by conducting pre-deployment surveys. On 12 May 1998, 24 stationary point-counts (Bohnsack and Bannerot, 1986 ) were conducted; twelve on the predetermined artificial reefs sites and twelve on the surrounding hard bottom. The point-count methodology consists of counting the fish in a 7.5 m radius imaginary cylinder from substrate to the surface (Bohnsack and Bannerot, 1986) . A transect for fish abundance and species along the entire north side of the nearby north jetty rocks ( Fig. 1 ) was also performed and the fish from substrate to surface were counted. In both pointcounts and transect the species, abundance, and total length were recorded. These initial surveys allowed for comparisons of the site, and the immediate surrounding area, preand post-reef deployment. The surveys were repeated on 26 May 2000. Recreational fishing and lobstering occurred on the artificial reefs and neighboring areas routinely during the study. No preference for a particular artificial reef or reef type was noted.
Construction
The four limestone reefs consist of 25 1.2 m and 25 1.5 m diameter boulders. The boulders were deployed by crane off a stationary barge held in place by a tugboat. The fifty boulders (25 of each size) were lowered off the side of the barge by the crane one site at a time and stacked into place by divers underwater. They were stacked in a two-layer configuration to help increase interstices and stability.
The concrete reefs, four of concrete-gravel aggregate and four of concrete-tire aggregate tetrahedrons, were produced by CSR Rinker under license agreement with Stability Reefs Inc. These also contain 25 1.5-m edge and 25 1.2-m edge modules. The concrete-gravel tetrahedrons were specifically made from dense mixtures, about 2 093 kg.m -3 , of waste concrete with 1 to 2 cm gravel. The concrete-tire tetrahedrons were made the same way except tire chips were used in place of some of the gravel in the concrete mixture. The densities and gravel size varied slightly because the reefs were made from waste concrete, remains in a concretetruck after a construction job which is normally discarded in land fills. Because waste concrete was used, the cost of the tetrahedrons was approximately half the boulder cost per ton ($12 versus $22). Deployment costs was the same for all materials. An effort was made to construct all the reefs at least 100m apart, to minimize movement of resident fishes from reef to reef, and to a similar size in height and width. The final configuration was completed in August 1998. A coded plastic tag was nailed to each reef for ease in underwater identification: boulder reefs-B1, B2, B3, B4; gravel-concrete reefs-C1, C2, C3, C4; tire-concrete reefs-T1, T2, T3, T4.
Post-deployment assessment
The fish assemblages were determined by SCUBA divers using slates. Two divers, one fish counter and one safety diver, descended to the bottom a few meters off the reef. The fish counter then counted the fish (noting size, abundance, and species) within 1 m of the structure. Once all the fish were counted on the outside, the diver moved in to find all species within the reef and scanned the surfaces of the reef, looking for cryptic species. The fish species present, their abundance, and total length (TL) size class (<2 cm, 2-5 cm, 5-10 cm, 10-20 cm, and ≥ 20 cm) were recorded for each reef. Each reef count took approximately 20 min but was not time delimited. The size classes were later used to generate an estimate of fish biomass by a length to weight ratio. During the initial phase of fish counting, the safety diver stayed off the reef in close visual proximity to the fish counter. Mean horizontal visibility in the vicinity of the reefs normally exceeded 10 m but several times the counts were postponed due a visibility of less than 3 m. After the fish counter moved onto the reef the safety diver moved in as well and counted spiny lobster, Panulirus argus. The reefs were small enough to allow for total populations to be assessed without subsampling and extrapolation.
Statistical analysis
Fish biomass was estimated using the fish length-weight relationship formula: log W = log a + b log L, where log a and b are calculated for each species based on the slope of the linear regression line of log length vs. log weight described by Bohnsack and Harper (1998) . With the exception of fish ≥ 20 cm, the length of a fish in each size class was estimated to be the mean size of that class. For example, if a fish was in the 2<5 cm size class, then its length for the biomass formula was 3.5 cm. In the ≥ 20 cm size class 20 cm was used for the estimated fish length. If a fish was not listed in the Bohnsack and Harper article, estimates were generated by numbers of the next closely related, similar sized fish.
Total fish abundance per reef (of each size class and all size classes combined), total fish species per reef, total fish biomass per reef, and total spiny lobster abundance were entered into a statistical program (Statistical Analysis Systems Inc., Cary, NC, USA) for analysis. The data were analyzed before and after scaling the data to reef size. The circumference measurement was used to calculate the radius of the reef by the formula C = 2πr. This radius, along with a maximum height measurement, was used in the formula for the volume of a cone, V = 1/3 πr 2 h. This volume was then divided into the abundance, richness, and biomass of fish and the abundance of lobster found on the reef to estimate each of these variables per m 3 . The data were not normally distributed and had high heteroscedasticty. Therefore we used a ranked (non-parametric) ANOVA (PROC RANK in SAS, Kruskal-Wallis test) and a StudentNewman-Keuls (SNK) test between means. In addition the Bray-Curtis dissimilarity index with multidimensional scaling (MDS) ordination was used (Field et al., 1982) to examine potential differences in fish-assemblage structure among the reefs. A p value <0.05 in both ANOVA and SNK were accepted as a significant difference.
Results
Construction
Despite attempts to construct the reefs to similar size, the reefs ranged from 1.6 to 2.6 m (mean ± standard error of the mean, SEM: 2.1 ± 0.1 m) in maximum height and 19.7 to 29.9 m (mean 24.2 ± 0.8) in maximum circumference.
Abundance and biomass
Fish assessment resulted in counts of 97 826 total fish of 146 species (Table 1) . There were no significant differences in total fish abundance (all censuses, species and size classes combined) amongst the three reef types (mean ± SEM: boulders 641 ± 71 individuals per month, concrete-gravel 522 ± 64, concrete-tire 543 ± 91; p>0.05, ANOVA) (Fig. 2) . There was also no significant difference between the reef types for total fish biomass (mean ± SEM: boulder 21.2 ± 3 kg, concrete-gravel 18.1 ± 4 kg, concrete-tire 15.8 ± 2 kg; p>0.05, ANOVA) or for the smaller size classes (<10 cm) (p>0.05, ANOVA) regardless if the data was or was not scaled to reef size. Monthly mean total fish biomass, on all reefs combined, ranged from 12 to 38 kg for the first 12 months of study and from 5 to 34 kg for the second 12 months.
There were significant seasonal differences, all reefs combined, in fish abundance for each size class with the summer months (August and June of both years) having greater numbers than the winter months (April, December, and February of both years and October 1999) (p<0.05; ANOVA, SNK) (Fig. 2) . Likewise, there were monthly differences across all reefs for fish biomass in each size class (p<0.05). There were similar seasonal trends in the data for the <10 cm size classes for both abundance and biomass. In general, the < 2 cm fish were most abundant in spring and early summer (April, June) the 2<5 cm fish were most abundant in middle to late summer (June, August), and the 5<10 cm fish were most abundant in late summer early autumn (August, October).
Richness
Unlike the fish abundance data, there was a significant difference in fish richness, the total number of species all size classes combined. Using raw data (not scaled to reef size) the boulder reefs appeared to have a significantly greater number of species than the concrete and tire tetrahedrons (mean: boulders 26 ± 1, concrete-gravel 22 ± 1, concrete-tire 23 ± 1; P<0.05, ANOVA) (Fig. 3) . However when the data was scaled to reef size, it showed the boulders had a significantly lower number of species per m 3 than the tetrahedrons reef (p<0.05, ANOVA, SNK). Due to this inconsistency, and because our volume calculations were an estimation of size, we examined potential differences in assemblage structure using a Bray-Curtis dissimilarity index with multidimensional scaling (MDS) ordination (Field et al., 1982) for summer (June and August, peak summer months for fish abundance and richness) as well as winter months (December and February). These analyses did not show any significant clustering of a particular reef type. In addition, no single species, which was represented on all replicates of a substrate, appeared to be restricted to a single reef type. A few fish were only found on one or two of the three substrates but these animals were rare in the census, not found on all the replicates of the substrate(s), and probably represent chance occurrence rather than preference. Significant seasonal differences were also noted in the species data. There were significantly more species on all the reefs in the summer months than the winter months (Fig.  3) . The highest numbers of fish and of species of fish were counted in June, August, and October. Spiny lobster abundance did not differ among reef types or seasonally (mean: boulders 16 ± 3 individuals, gravel-concrete 16 ± 3, tireconcrete 14 ± 3; P>0.05, ANOVA) (Fig. 4) .
Pre and post deployment abundance and richness
Pre-and post-deployment hard bottom point counts were statistically different (P<0.05, Student's t-test) with a mean 5 ± 1.4 total fish per count pre-deployment versus a mean of 40.6 ± 10.1 fish post-deployment. Species richness showed similar significance with a pre-deployment mean of1.8 ± 0.3 fish species versus a post-deployment mean of 6.6 ± 1.3. Pre-and post-deployment point counts on the reef sites also differed (p<0.05, Student's t-test) with a mean 15.5 ± 8.7 total fish per count pre-deployment versus a mean of 740.7 ± 128 fish post-deployment and a pre-deployment mean of 3.4 ± 1.4 fish species versus a post deployment mean of 29.2 ± 1.8 (although the counting methodologies, point-count and reef-count, differed the radius of each reef, and therefore the volume of each count, was less than the point-count, 6.5 m maximum versus 7.5 m, so any error would be in undercounting the post-deployment reef sites).
Due to the limited number of samples taken on the jetty, only a single pre-and single post-deployment count, no statistical evaluation of the differences between pre-and post-assemblages was performed. However, a simple comparison of pre-versus post-deployment counts associated with the jetty also indicated an increase (4) in the number of species post-deployment. The abundance data appeared to differ with a decrease in numbers. The survey yielded 6 885 total fish pre-deployment on the jetty and 3 803 total fish post-deployment. Juvenile grunts (Haemulidae, < 5 cm TL) and tomtates (Haemulon aurolineatum, of all size classes) dominated these numbers (87% of total). Excluding tomtates greater than 5 cm TL essentially eliminated the difference between pre-and post-deployment counts, the difference changed from 3 082 to 2. Interestingly, elimination of both juvenile grunts and tomtates from the jetty counts (pre and post deployment) showed an increase of 1 451 total fish from pre-deployment to post-deployment of the artificial reefs. We also estimated the total juvenile grunts and tomtates in the area (reef sites and jetty combined) pre-and post-deployment. The totals from all twelve reefs of tomtates and juvenile grunts from April 2000 were added to the totals counted on the jetty in May 2000 and compared to the totals of tomtates and juvenile grunts counted in May 1998. There was almost a 30% increase (from 6 039 to 9 255) in tomtates and juvenile grunts combined after the 2-year presence of artificial reefs.
Discussion
Temporal differences
Total abundance and richness of fish fluctuated with season, increasing in the summer and decreasing in the winter. This trend is consistent with other similar local studies in the past (Kruer and Causey, 1992; Cummings, 1994; Gilliam et al., 1995) . Unlike the Gilliam et al. (1995) study that found 105 total species, there were 146 species of fish identified in this research. This could be due to differences in any number of factors including locality, changes in recruitment, currents, water quality, reef size, or sampling techniques.
Abundance
Similar to the preliminary study of Gilliam et al. (1995) , no significant differences were found in fish abundance between the differing concrete reefs. The limestone boulders, concrete-gravel tetrahedrons, and concrete-tire tetrahedrons all showed similar numbers in mean total fish. Likewise there was no significant difference amongst reef types for total fish biomass. There was no difference in spiny lobsters among the reef types. Likewise, a preliminary qualitative study did not detect a difference in other noncoral macroinvertebrates between reef types (unpublished). 
Richness
Species richness of fish differed depending on whether or not the data was scaled to reef size. If the data was left un-scaled, boulder reefs had more species than concrete reefs; conversely, boulders had fewer species if the data was scaled to reef size. Due to these conflicting results, a Bray-Curtis dissimilarity index with MDS ordination was performed to look for clustering of particular reef types due to similar fish assemblages. The seemingly random scattering of points on the MDS plot showed no correlation between fish assemblages and reef substrate materials. This leads us to conclude there is no difference in mean richness between reef substrate types.
Aggregation versus production
The dramatic increases in fish richness and abundance at the reef sites between pre-and post-deployment are not surprising (Bohnsack, 1989) . However, the results from the stationary point counts and the jetty counts also show an increase in fish abundance and richness two years after artificial reef deployment on the natural, closely surrounding hard bottom area and (excluding haemulids) the jetty. The lower numbers of tomtates and juvenile grunts on the jetty post-deployment could be attributed to migration from the jetty to the nearby artificial reefs. However, the 30% increase between pre-and post-deployment in total tomtates and juvenile grunts on the jetty and reef sites combined would contradict such a hypothesis. While the point-count survey statistically shows a positive relationship between the addition of artificial substrate and an increase of fish abundance and species richness on the natural surrounding habitat, the jetty counts are not statistically comparable. Therefore, it is difficult to say for certain whether the results from the jetty counts are representative of average populations or if they reflect the variability inherent in many assessment techniques, e.g. circadian patterns, patchiness, visibility, etc. Likewise, it can be legitimately questioned if 12 point-counts on the natural hard bottom are sufficient to accurately depict resident populations. However, the results from the jetty counts are consistent with the results of the statistically tested point counts on the nearby hard bottom and the reef sites. These results argue against simple aggregation; the artificial reefs appear to have significantly enhanced the productivity of fish in their immediate area.
Conclusion
Many factors affect the floral and faunal assemblages on artificial reefs including reef design, depth, latitude, locality, salinity, etc. (Bohnsack et al., 1991) . This study attempted to maintain consistency between some of these factors in order to reduce confounding variables affecting the results and yielding misleading interpretations of faunal preferences for reef construction materials. The assemblages of fish were comparable between reefs because they were deployed in the same area at the same time and depth with similar design. This study noted seasonal changes within the fish populations over the two-year study, however, after statistical analysis, the conclusion is there are no apparent differences among the three reef types.
During the course of this two-year study, the reef site has undergone extensive faunal enhancement due to the addition of these reefs. Pre-deployment surveys showed a sandy bottom area with a paucity of fauna. Conversely, the area today (two years postdeployment) contains at least 146 species of fish including many commercially and economically valuable species such as large tarpon, grouper, snapper, triggerfish, spiny lobster, bait fish, butterflyfish, etc. The pre-and post-deployment fish counts indicate this enhancement was not accomplished at the expense of immediately neighboring populations. As with any management tool, there must be caution when introducing new materials and artificial reef designs into an area. Different results are achieved using the same reef design at different depths or latitudes (Sherman et al., 2001 ). However, indications from this study are that concrete-tire and concrete-gravel tetrahedrons are stable and can be used as effectively as limestone boulders for artificial reefs to enhance fish abundance and richness.
